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Calmodulin (CaM) binding to nitric oxide synthase (NOS) enables a conformational change, in which the FMN
domain shuttles between the FAD and heme domains to deliver electrons to the active site heme center. A
clear understanding of this large conformational change is critical, since this step is the rate-limiting in NOS ca-
talysis. Herein molecular dynamics simulations were conducted on a model of an oxygenase/FMN (oxyFMN)
construct of human inducible NOS (iNOS). This is to investigate the structural rearrangements and the domain
interactions related to the FMN-heme interdomain electron transfer (IET). We carried out simulations on the
iNOS oxyFMN-CaM complex models in [Fe(III)][FMNH ] and [Fe(II)][FMNH’] oxidation states, the pre- and
Nitric oxide synthase post-IET states. The comparison of the dynamics and conformations of the iNOS construct at the two oxidation
Electron transfer states has allowed us to identify key factors related to facilitating the FMN-heme [ET process. The computational
Heme results demonstrated, for the first time, that the conformational change is redox-dependent. Predictions of the
Calmodulin key interacting sites in optimal interdomain FMN/heme docking are well supported by experimental data in
the literature. An intra-subunit pivot region is predicted to modulate the FMN domain motion and correlate
with existence of a bottleneck in the conformational sampling that leads to the electron transfer-competent
state. Interactions of the residues identified in this work are proposed to ensure that the FMN domain moves
with appropriate degrees of freedom and docks to proper positions at the heme domain, resulting in efficient
IET and nitric oxide production.
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1. Introduction

Nitric oxide (NO) is a key signaling molecule for vasodilation and
neurotransmission at low concentrations and a defensive cytotoxin at
higher concentrations [1,2]. Nitric oxide synthase (NOS) is the enzyme
responsible for biosynthesis of NO from L-arginine. NO's availability is
tightly regulated at the synthesis level by NOS. Deviant NO production
by NOS is a major contributor to the pathology of often fatal diseases
that currently lack effective treatments, including stroke [3]. To date,
clinical NOS modulators still remain elusive. Before logically designing
an effective therapeutic strategy by targeting NOS/NO, one must under-
stand the mechanism of NOS regulation at the molecular level. Yet,
there is still much unknown about the mechanism of tight regulation
of NO production by NOS. It is thus of current interest to investigate reg-
ulation mechanisms of the NOS enzymes.
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Mammalian NOS enzyme catalyzes the 5-electron oxidation of L-
arginine (l-Arg) to NO and citrulline, utilizing NADPH and O, as co-
substrates [1]. NOS is a redox enzyme consisting of multiple relatively
rigid domains that are connected by flexible linkers. Each subunit of
the NOS homo-dimer has two domains joined by a calmodulin (CaM)
binding linker: a C-terminal electron-supplying reductase domain,
which consists of smaller (sub)domains with binding sites for NADPH
(the electron source), flavin adenine dinucleotide (FAD), and flavin
mononucleotide (FMN), and an N-terminal catalytic oxygenase domain
with heme, tetrahydrobiopterin (H4B), and arginine substrate binding
sites forming the catalytic center for NO production (the terms ‘oxygen-
ase domain’ and ‘heme domain’ are interchangeable). NOS's activity de-
pends in equal measure on the reactions at the heme active site and on
the overall dynamic structural rearrangements that enable the timely
delivery of electrons to the active site (see below).

Three NOS isoforms, iNOS, eNOS and nNOS (inducible, endothelial,
and neuronal NOS), achieve their biological functions by tight control
of interdomain electron transfer (IET) process through interdomain in-
teractions [4,5]. In particular, inter-subunit FMN-heme IET (Eq. (1)) is
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the essential step in coupling electron transfer in the reductase domain
with NO synthesis in the heme domain by delivery of electrons required
for O, activation at the catalytic heme site [6].

[Fe(IIT)] [FMNy,] = [Fe(IT)] [FMNH’] (1

The protonation state of the NOS flavin hydroquinone is not known yet,
and FMNy is used to represent FMN hydroquinone in Eq. (1). The FMN-
heme IET process is proposed to involve large scale motions of the FMN
domain (Fig. 1) [5]. Starting from the NADPH-FAD/FMN state
(i.e., electron-accepting input state), the FMN molecule receives an elec-
tron from the FAD center, and is reduced to FMNpq. The FMN domain
then moves away from the NADPH-FAD domain and migrates to the ox-
ygenase domain (forming the output state) so that the FMNj,q can deliv-
er an electron to the heme center, where Fe(Ill) is reduced to Fe(Il) and
the FMN center is converted to its semiquinone form FMNH". Subse-
quently, the FMN domain moves away from the heme domain toward
back to the NADPH-FAD domain (to shuttle another NADPH-derived
electron). This FMN domain tethered shuttle model (Fig. 1) has been
supported by recent kinetics [7-16], thermodynamic [17] and spectro-
scopic [18,19] results. Emerging evidence indicates that CaM activates
NO synthesis in eNOS and nNOS by allowing the conformational change,
and that CaM is also required for proper alignment of the FMN and
heme domains [4,5]. However, the control mechanism underlying the
large movement of the FMN domain between the NADPH-FAD and
heme domains remain unclear. The precise role of CaM regulating this
conformational change, especially how CaM interacts with the heme
domains and constrains the motions of the FMN domain, is poorly un-
derstood [20].

A full-length NOS structure will help understand the NOS regulation
mechanism. Unfortunately, the mobility of the NOS domains makes
crystallization of the full-length enzyme very challenging, thus the
structure of full-length NOS has not been obtained. Even if such crystal
structures were available, the molecular mechanisms that promote
function may still remain elusive, since NOS is a highly dynamic protein
existing in a broad range of interconverting conformations [21,22]. The
crystals can only stabilize some specific structural sub-states that define
the functional state of the protein. Thus, X-ray crystallography alone
will not solve the NOS structural problems and may only shed light on
some of the static structural details without addressing the dynamics
aspects.

Electron microscopy (EM) is a useful method for determining the
structures of large proteins and protein complexes. In the last two
years, four cryo-EM studies of the three full-length NOS isoforms were
published [23-26], giving substantial insight into the molecular archi-
tecture of NOSs. This also attests an urgent need of elucidating confor-
mational changes required for efficient electron transfer. However,
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Fig. 1. The FMN domain tethered shuttle model (with the tethers corresponding to the
interdomain FMN-heme and FAD-FMN connectors). The FMN domain (cyan) shuttles be-
tween the NADPH-FAD domain (white) and the heme-containing oxygenase domain
(red). CaM (green) binding to eNOS/nNOS unlocks the NADPH-FAD/FMN domain
interacting state (i.e., input state), thereby enabling the FMN domain to shuttle between
the FAD and heme domains. The input state and FMN/heme domain interacting state
(i.e., output state) are relatively well defined, while free FMN domain conformations
also exist in between these two docked states.

structures determined by cryo-EM are of low resolution, and the classi-
fication of the conformational states in these works is categorized ac-
cording to the perceived overall shapes of the entire dimer, but not
the precise relative arrangement of the specific structural parts of the
protein. At low resolutions (23 A [25] and 60-74 A [23]), cryo-EM can-
not provide explicit information on the interactions between the FMN
and heme domains. Moreover, the authors used negative-stain EM
methods, which involved fixing the protein sample on a carbon-
coated surface and treating it with a high-contrast heavy metal stain.
While this is a powerful approach for observing protein complexes, in
certain cases the grid surface can distort the sample and lead to a debat-
able asymmetry [23].

Magnetic resonance and fluorescence-based approaches represent a
powerful complement to traditional structural biology methods and are
now increasingly used to probe the NOS structure and function. The size
of the NOS enzymes (~120-160 kDa per subunit) prevents application
of NMR spectroscopy with methods available to date, although '3C-
and "°N-labeled CaM proteins were recently used in the NMR studies
of structure and dynamics of CaM bound to peptides corresponding to
the CaM-binding linker in the NOS proteins [27,28]. Fluorescence reso-
nance energy transfer approach can provide distance data, but there are
known complexities when using the intrinsic fluorophores FMN and
FAD since their fluorescence quantum yields depend on solvent accessi-
bility and redox state. Tagging the protein domains with donor and ac-
ceptor fluorophores may be a better approach, but it needs to be tested
if the bulky tags interfere with the NOS activity.

A clear understanding of the large NOS conformational change is
critical, since this step is the rate-limiting in NO production [23].
While experimental approaches still face tremendous challenges at
this moment, computational simulation can provide valuable informa-
tion on the dynamics of enzyme structures, key residue-residue interac-
tion evolution, and hence facilitate the understanding of the roles of
inter-domain interactions and protein dynamics in NOS regulation. Up
to date, no computational simulation has been reported to elucidate
the domain motions in NOS. The time scale for the interconverting be-
tween input and output states has not been experimentally measured,
but should be at milliseconds to seconds range since the rates of similar
FMN domain binding of and release from the FAD domain are estimated
to be around 10 s~ [29,30]. Such long time scale is beyond current
computational simulation capacity.

We thus focused on studying the dynamics of the NOS output state
using models of a CaM-bound bi-domain oxygenase/FMN (oxyFMN)
construct. This construct is a minimal electron transfer complex designed
to favor the interactions between the FMN and heme domains [31], and
biochemical and kinetics studies demonstrated that it is a valid represen-
tation of the NOS output state for NO production [4,5]. In the present
work, we have conducted molecular dynamics (MD) simulations on
the two redox states before and after the IET process (Eq. (1)). Based
on the initial docking model for a human iNOS oxyFMN construct, MD
simulations were carried out to elucidate the structural rearrangements
and the interactions between domains. Specifically, we examined role of
redox states change (due to the IET) in the conformational changes. The
comparison of the dynamics and structures of the NOS oxyFMN con-
struct at the two oxidation states has allowed us to identify key factors
related to facilitating the FMN-heme IET process. The predictions of
key interacting sites are well supported by experimental data in the liter-
ature, and new sites have also been identified from the simulation. These
computational results have provided new insight into the dynamic inter-
actions in regulating the NOS electron transfer and function.

2. Methods
2.1. Initial structure construction

The initial docked structures of human iNOS oxyFMN- CaM construct
were built using the crystal structures of human iNOS heme domain
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(PDB code 1NSI) [32] and human iNOS FMN domain bound with CaM
(PDB code 3HR4) [33] as the input files for ZDOCK [34,35]. Experimental
studies showed that equivalent residues of Arg241 and Lys445 from the
heme chain A [36-38], along with Glu546, Asp597, and Glu661 from the
FMN domain [38,39], are important in the interdomain FMN/heme in-
teractions. Therefore, we imposed the presence of these residues in
the docking interface. The ZDOCK generated structures were then fil-
tered by two criteria: (i) the N5 atom of FMN and heme Fe distance
should be around 19 A, which is determined by pulsed EPR [40] (this
distance is also necessary for an efficient electron transfer), and (ii)
the distance between GIn502 (C terminus of the heme domain struc-
ture) and Arg511 (N terminus of the CaM bound FMN domain struc-
ture) should be less than 30 A, the maximum length for 10 missing
residues that connect these two ends. Only one ZDOCK model, satisfied
both criteria, in which the distance between heme Fe atom and N5 atom
of FMN domain amounts to 20.6 A and the distance between Co atoms
of GIn502 and Arg511 is 20.5 A. The missing residues connecting the
heme and FMN domains were then added to this model using Scigress
Explorer Ultra 7.7 (Fujitsu) and further refined by energy minimization
using NAMD [41] with CHARMM27 force field [42]. The constructed
docked structure (Fig. 2) is overall superimposable to the docked struc-
ture reported by Marletta's group [43].

2.2. Parameterizations of the heme, FMN and H4B cofactors

The iron ion switches between oxidized Fe(IIl) state and reduced
Fe(Il) state during the FMN-heme IET process (Eq. (1)). The heme
iron has an axial cysteine ligand. To account for the coordinated cysteine
residue on the heme atom partial charges, we carried out B3LYP optimi-
zations at the DFT level with sextet and quintet multiplicities for
heme [44]. The basis sets were a LACVP basis set, which includes the
highest s, p, and d shells of iron (the outermost core orbitals for iron)
and a 6-31G basis set for both the rest of the heme moiety and the cys-
teine (Cys200) ligand atoms. The Los Alamos effective core potential
was applied on iron [45], along with matching basis sets. Modified
charges were based on electrostatic potential (ESP) charges obtained
from a solvent continuum calculation [46]. The atomic charges on -,
- and meso-carbons as well as on the pyrrole nitrogens were adjusted
to account for the different charge distributions. The force field param-
eters of ferric heme were obtained from previous works [47,48]. Similar
to the work by Autenrieth et al. [48], we used the same bonded equilib-
rium values and force constants for both forms of the heme iron

Missing
link

Fig. 2. Initial docked structure of the FMN domain (pink) and the dimeric heme domains A
& B (green and red) along with CaM-binding motif (yellow) bound with CaM (cyan). The
missing linker residues (in black) were added by using Scigress and further refined by en-
ergy minimization using NAMD software. Note that the FMN domain in subunit B docks to
the heme domain in subunit A.

(i.e., Fe(Ill) and Fe(I)), and differentiated them only with respect to par-
tial atomic charges.

The FMN cofactor switches between 2-electron reduced hydroqui-
none state FMNy,q and 1-electron reduced semiquinone state FMNH’
during the IET (Eq. (1)). The CHARMM force field parameters for FMN
were adapted from the work of Freddolino et al. [49]. Standard
CHARMM atom types were utilized, and charges were derived from
QM calculations. All structures were optimized at the B3LYP/6-31G*
level of theory, including the CPCM solvation model to better account
for the charge distribution in solutions. Additional force field parame-
ters were chosen in analogy to standard CHARMM parameters, or de-
rived from the QM optimized geometries [46,50].

The similar parameterization procedure was applied to the H4B co-
factor. Briefly, the atomic charges of the atoms on the fused rings were
obtained from the ESP charges at the B3LYP/6-31G* level of theory,
and the charges for the other atoms were standard CHARMM27 atomic
charges [42].

The topologies of ferrous heme, ferric heme, FMN semiquinone, FMN
hydroquinone, and H4B are included in the Supporting Information S1.

2.3. Molecular dynamics simulations

All MD simulations were carried out using NAMD [41] with a con-
junction of CHARMM force field [42] and the cofactors' parameters we
developed. The simulations were performed in a 144 x 108 x 125 A3
TIP3 [51] water box, allowing a minimum of 15 A water solvation
shell for each protein atom. Counter ions (Na™ and CI~) were added
to bring the whole system to a charge-neutral state. Periodic boundary
conditions were applied on the box throughout the simulations. The
constructed system was first minimized for 5000 steps, with the protein
core held fixed while water and ions were relaxed. Subsequently, the
whole system was fully minimized to remove any internal constrains.

The minimized system was then heated from 0 to 310 K with a 10 K
increment, followed by 20 ps of equilibration. Finally, 60 ns production
trajectories were collected for this system in the canonical NVT ensem-
ble, using a Verlet algorithm for the integration with a 2 fs step size.
Nonbonding interactions were treated using a cutoff of 12.0 A. Electro-
static interactions were calculated with the particle mesh Ewald sum-
mation. Multiple independent MD trajectories were collected for each
system.

3. Results and discussion

In this work we investigated iNOS oxyFMN-CaM dynamics before
and after the FMN-heme IET, the catalytically essential step in NOS ca-
talysis [6]. Since the IET (Eq. (1)) involves different oxidization states
of the Fe and FMN centers, both the [Fe(IlI)][FMNy4] and
[Fe(II)][FMNH’] states have been examined. The protonation state of
FMN hydroquinone is not known yet. We thus conducted MD simula-
tions on the [Fe(IlI)]J[FMNpq] state containing either FMNH™ or
FMNH,. Similar trajectory the Fe---Ns (FMN) distance was obtained for
both cases (Fig. S1 in Supporting Information). For the sake of clarity,
we only discussed the FMNH™ state (for the FMN hydroquinone form)
in details in the following sections.

3.1. Structural and dynamic properties of the [Fe(Ill) |[FMINH ~ | state before
the FMIN-heme IET

In the FMN-heme IET (Eq. (1)), the [Fe(III)[FMNH ] is defined as
the pre-IET state. Starting from the initial model of the human iNOS
oxyFMN-CaM (Fig. 2), a 60 ns MD simulation on the protein at the
pre-IET state was performed. Trajectory a in Fig. 3 shows the corre-
sponding backbone root-mean-square deviations (rmsd) from the ini-
tial structure. Note that during the 60 ns simulations the rmsd reaches
stable values after ~10 ns, and minor fluctuations take place afterward.
We repeated the MD simulation by collecting another 60-ns trajectory
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Fig. 3. Root-mean-square deviation (rmsd) for the backbone of human iNOS
oxyFMN-CaM at the pre-IET [Fe(IIl)][FMNH ] state (a, b) and the post-IET [Fe(II)][FMNH']
state (c).

b. Both trajectories (a and b in Fig. 3) gave similar results. Therefore,
such conformational changes in the MD simulations are not random.

We next examined if the interdomain FMN/heme alignment obtain-
ed from the simulations would facilitate an effective FMN-heme IET.
First the distance between the heme and FMN centers were assessed
since distance between redox centers is critical for controlling electron
transfer in proteins [52]. Fig. 4 shows the two trajectories of the
Fe-:Ns (FMN) distance in the two 60 ns MD simulations (red and
green traces). After the rapid initial stabilization (0-10 ns), the Fe:--Ns
(FMN) distance stays at ~22 A, which allows efficient IET.

Three typical IET-competent conformations (Fig. 5) were identified
from the simulations. The major structural difference among the confor-
mations is the orientation of the FMN molecule related to the heme cen-
ter. These conformations represent different feasible electron transfer
pathways between the heme and FMN centers. The electrostatic poten-
tial surfaces of the heme and FMN molecules in the three conformations
were computed at the B3LYP/6-31G(d) level, and no direct overlap be-
tween their electron densities was noticed (image not shown). This in-
dicates that an electron is not preferably transferred directly from the
FMN to the heme molecule. Instead, residues located between the
heme and FMN centers participate in the long-range IET. Fig. 5 shows
the plausible IET pathways in these conformations.

In the first conformation (Fig. 5a), the heme A domain residue
Trp372 is in close contact with the heme cofactor (the distance between
heme Fe and Trp372 C atom amounts to ~10 A), while the distance be-
tween Trp372 C;, and FMN NG is slightly longer, being about 14 A. The
B3LYP computed molecular electrostatic potential (Fig. 5b) showed
that Trp372 does not directly overlap with the FMN molecule; instead
the FMN domain residue Phe593 was found to serve as an electron
transfer bridge. In this case, electron transfer would proceed through
FMN, Phe593, Trp372, and heme (Fig. 5a). Such a process involves
three through-space jumps: the first from the isoalloxazine ring of
FMN to the phenyl ring of Phe593, the second from Phe593 to the indole

35

15

Fe-N5 distances (A)

10
] 10 20 30 40 50 60

Time of simulation (ns)

Fig. 4. The Fe:-'Ns (FMN) distance in the pre- (red, green) and post-IET (blue) states during
the MD simulations.

ring of Trp372, and then the third from Trp372 to the vinyl group of the
heme center.

Fig. 5¢ and e show the other two conformations where FMN is locat-
ed at the Cys200 side of the heme porphyrin ring plane. In the confor-
mation shown in Fig. 5¢, the distances from heme A domain residue
Trp372 Cp atom to heme Fe and to FMN N5 atoms amount to 10 and
12 A, respectively. The B3LYP computed molecular electrostatic poten-
tial (Fig. 5d) shows significant electron density overlap between the in-
dole ring of Trp372 and the isoalloxazine ring of the FMN molecule.
Thus in this conformation an electron can be transferred from FMN to
the heme center through the heme A residue Trp372. On the other
hand, in the third conformation shown in Fig. 5e, the distances from
heme A domain residue Trp372 Cp atom to heme Fe and to FMN N5
atoms are 10 and 14 A, respectively. Apparently, efficient electron trans-
fer from FMN to Trp372 is hampered at such a distance. A FMN domain
residue Tyr631 is found lying in between. The electrostatic potential
surface (Fig. 5f) shows that phenyl ring of Tyr631 overlaps with the in-
dole ring of the heme A domain residue Trp372. Therefore the FMN do-
main residue Tyr631 is also involved in mediating the FMN-heme IET in
the third conformation.

The above conformations thus represent three plausible electron
transfer pathways between the heme and FMN centers. The electron
transfer proceeds through two or three through-space jumps, first
from the isoalloxazine ring of FMN to either phenyl ring of Phe593 or
Tyr631 and then to the indole ring of Trp372, or directly to the indole
ring of Trp372, and eventually to the vinyl group of heme center. In all
the three conformations the Trp372 residue is involved in the electron
transfer. Indeed, experimental results [43] showed a significant de-
crease in the rate of heme reduction in the W — A mutant, consistent
with its predicted role in conducting electrons to the heme. Our MD
simulation and electrostatic potential surface results also indicate that
the FMN domain residues Phe593 and Tyr631 are involved in mediating
the IET. Their roles in the [ET need to be validated by mutational and bio-
chemical experiments.

The above results prompted us to further identify residues at the
interacting interface between the FMN and the heme domains, which
preserve the FMN center well poised with the heme center in the IET-
competent conformations. Since the two MD simulations we collected
show similar results (trajectories a or b in Fig. 3), we only described in
detail the residue-residue interactions in the first simulation (trajectory
a in Fig. 3).

The residue-residue interactions in the oxyFMN- CaM complex during
the 60 ns period were analyzed and are summarized in Table S1 of
Supporting Information. The residue-residue interactions can be catego-
rized into three groups: 1) inter-subunit interactions between the heme
A and FMN domains; 2) intra-subunit interactions between the heme B
and FMN domains; and 3) inter-protein interactions between the NOS
heme domains and CaM. These three groups of interacting residues are
described below, and selected interacting pairs are shown in Figs. 6-9.

Group 1 — Inter-subunit interactions between the FMN domain and
heme A domain (Fig. 6) are found to facilitate the docking. Electrostatic
interacting pairs comprise the majority of the interactions. Specifically,
heme A domain residue Lys445 forms a salt bridge with FMN domain
residue Glu551, and the guanidinium group of Arg241 in heme A do-
main maintains a salt bridge with the carboxylate group of Glu546 in
the FMN domain. Additionally, heme A domain residues GIn427 and
Asn430 form strong hydrogen bonds with backbone oxygen atom of
the FMN domain residue Tyr631. The roles of the predicted ionic
interacting residues in the FMN-heme IET are supported by experimen-
tal findings: the equivalent residue pairs in rat nNOS are required to
form an interdomain interface for efficient IET [36-38]. Additionally,
Glu546, a conserved charged surface residue of the FMN domain in
human iNOS, has been shown to participate in the interdomain FMN/
heme interactions [53,54], and the notable slower IET in the E546N
mutant is caused by a lower population of the IET-active conformation
[55].
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Fig. 5. Typical IET-competent NOS conformations with the FMN and heme molecules shown in green and yellow Licorice modes, respectively. In the three conformations the FMN ap-
proaches different sides of the heme porphyrin ring. (a) Conformation 1: IET presumably takes place through FMN — Phe593 — Trp372 — heme center. (c) Conformation 2: IET takes
place through FMN — Trp372 — heme center. (e) Conformation 3: IET takes place through FMN — Tyr631 — Trp372 — heme center. (b, d, f) The B3LYP computed molecular electrostatic

potentials for the conformations 1, 2, and 3, respectively.

Group 2 — Throughout the simulations, the heme B domain loop
consisting of residues His404, Lys405, and Leu406 is in close contact
with the FMN domain loop consisting of residues Glu661-GIn666 (Fig.
6). Specifically, residue His404 (heme B) forms a strong salt bridge
with GIn666 (FMN), and a His404 (heme B)-GIn665 (FMN) hydrogen

FMN domain

bond also exists. Leu406 (heme B) interacts strongly with GIn665
(FMN) through a hydrogen bond as well. In addition, Lys405 (heme
B) forms a salt bridge with Glu661 (FMN). These intra-subunit interac-
tions appear to effectively maintain the IET-favorable orientation of the
FMN domain with respect to the heme domain (see Fig. 5 above).

Fig. 6. Selected key residues in the interfaces between heme, FMN and CaM domains in the pre-IET state. Heme A domain, heme B domain and CaM are represented as blue, red, and cyan
ribbons, respectively. The FMN domain is shown as yellow ribbon. Refer to Figs. 7-8 for the detail information on the residue-residue interactions on each interface.
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Fig. 7. (a) During the 60 ns simulation course of the pre-IET state, the distances between heme A domain residues Arg86 guanidinium carbon atom (CZ) and Glu479 carboxylate group
carbon (CD) atom (red trajectory), between heme A domain residue Arg86 CZ atom and CaM residue Asp122 carboxylate carbon (CG) atom (green trajectory), and between heme A res-
idue Arg83 CZ atom and CaM residue Asp122 CG atom (blue trajectory). (b) Initially, heme A domain residue Arg86 (green Licorice mode) forms a salt bridge with Glu479 (red Licorice
mode) of the same domain. (c) At ~22 ns, the Arg86 residue (green Licorice mode) forms a salt bridge with CaM residue Asp122 (purple Licorice mode). (d) At ~40 ns, heme A domain
residue Arg83 (yellow Licorice mode) forms a salt bridge with CaM residue Asp122 (purple Licorice mode). Heme A domain, heme B domain and CaM are represented as blue, red, and

cyan ribbons, respectively. The FMN domain is shown as yellow ribbon.

Fig. 8. Salt bridges between CaM (cyan) and the linker region of the heme B domain (red)
in the pre-IET state. The negatively charged CaM residues (Glu14, Glu120, Glu123, Glu127)
are labeled in red. The positively charged linker residues Lys505, Arg506, Arg510, and
Lys509 are labeled in blue. The FMN domain is in yellow.

Moreover, they are also likely involved in the large movement of the
FMN domain after the IET (see below).

Group 3 — Inter-protein interactions between the NOS heme do-
mains and CaM include a GIn97 (heme A)-GIn135 (CaM) salt bridge
and a GIn97 (heme A)-Asn97 (CaM) hydrogen bond. Another hydrogen
bond is found between Asp95 (CaM) and the backbone oxygen atom of
Arg452 (heme A).

It is worthy of note the dynamic changes in the interactions between
CaM and the N-terminus of the heme A domain. In the initial construct-
ed conformation, the N-terminal Arg86 (heme A) is far away from CaM
(Fig. 7b), and interacts with Glu479 (heme A) via an intra-domain salt
bridge (red trajectory in Fig. 7a). With the progress of MD simulation,
Arg86 gradually swings over toward CaM, and forms a stable salt bridge
at ~22 ns with Asp122 in the CaM domain (green trajectory in Fig. 7a).
This new interaction effectively pulls CaM closer to the heme A domain
(Fig. 7¢). After a while, this salt bridge is substituted by another salt
bridge between Arg83 (heme A) and Asp122 (CaM) (see Fig. 7d and
blue trajectory in Fig. 7a). Despite the competition between Arg86 and
Arg83, the heme A domain is constantly bound to the CaM via a strong
and stable salt bridge. In other words, CaM docking to the heme domain
is well maintained in the IET-compatible conformations throughout the
simulation period. Recent hydrogen deuterium exchange mass spec-
trometry and kinetics studies demonstrated the importance of CaM
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Glul20

Fig. 9. Inter-domain interactions in the post-IET state. Heme A, heme B, CaM and FMN domains are represented in pale blue, red, pink and violet ribbons, respectively. (a) The Fe:--Ns (FMN)
distance at this snapshot amounts to 27.4 A. (b) The interactions between the heme A and CaM domains. (c) The interactions between the heme B and CaM domains.

docking to the heme domain for the electron transfer in murine iNOS [43].
Their experimental results showed that the CaM surface encompassing
Arg106, Lys115, and Asp118 interacts with the murine iNOS heme do-
main residues Arg80 and Glu279 (equivalent to human iNOS residues
Arg86 and Glu285), where complementary electrostatic interactions facil-
itate the interdomain CaM/heme alignment. This is generally in agree-
ment with our simulation results for human iNOS (see also Table S1). It
is also interesting to note that two other CaM residues affecting the kinet-
ics, Lys21 and Lys30, don't make any obvious charge pairing contacts with
the heme domain in their docking model [43], suggesting that the heme
domain and CaM undergo some conformational change upon CaM-
NOS(heme) binding, which would bring these two residues into closer
contact with the heme domain in other conformations. In other words,
when it is near the NOS heme domain, CaM samples the heme domain
surface and docks through distinct interfaces.

The linker between the heme B and FMN domains was reconstruct-
ed from its amino acid sequence. Being rich in positively charged resi-
dues, this linker naturally forms multiple salt bridges with five CaM
glutamic acid residues (Fig. 8).

3.2. Structural and conformational changes of the protein state
[Fe(Il) [EMNH’] after the IET

The preceding sections are on the pre-IET state, i.e., [Fe(IIl) ][FMNH].
After the IET, Fe(IIl) is reduced to Fe(II), and the FMN cofactor is con-
verted to FMINH'. A 60 ns MD simulation of the protein conformations
at the resulting state of [Fe(II)][FMNH’] (referred as the post-IET state
hereafter) was performed. Another two 30 ns MD simulations were
also carried out and obtained similar results. Therefore, the discussion
below focused on the 60 ns MD simulation results. Blue trajectory in
Fig. 3c shows the backbone rmsd of this post-IET state during the 60 ns
MD simulation. It is obvious that, after the IET has occurred, the protein
structure changes more from its initial structure, compared to that of
the pre-IET state (blue vs. red trajectories, Fig. 3). Moreover, the final
Fe---N5 (FMN) distance became much larger than that of pre-IET (blue
vs. other trajectories, Fig. 4). A snapshot of the FMN and heme interface
at 60 ns is illustrated in Fig. 9a. The Fe:--N5 (FMN) distance has increased
to 27.4 A, indicating the departure of the FMN domain after the IET. To
further verify whether the redox state influences the docking of the
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FMN domain onto the heme domain, we performed another 45 ns MD
simulation using a post-IET conformation in which the Fe---N5 (FMN) dis-
tance amounts to 30.5 A, but with the oxidation state [Fe(II)][FMNH']
changed to [Fe(Ill)][FMNH] (i.e., a pre-IET state possessing a post-IET
distance). While starting with an post-IET conformation, the FMN do-
main readily recovers its docking with heme A domain (Fig. S2): the
Fe---Ns (FMN) distance quickly reverts back to around 22 A. This showed
that the docked FMN/heme conformation can be easily realized in the
pre-1ET redox state, which is independent of the initial structure. These
MD simulations together clearly demonstrated that the FMN domain de-
parture after the IET is primarily induced by oxidation state change.

Importantly, the large fluctuation in the distance between the heme
and FMN domains from the MD simulation (blue trajectory in Fig. 4) re-
vealed a highly dynamic nature of the NOS protein in its post-IET state.
After the overall protein structure stabilizes at ~10 ns, the Fe---N5 (FMN)
distance notably fluctuates between 26 and 31 A. Statistically, the ma-
jority of the conformations in the simulation have a Fe:-N5 (FMN)
distance > 27 A, while some reach 31 A. Only 16% of the conformations
have a distance < 25 A. Therefore, after the IET the FMN domain be-
comes quite mobile, allowing the FMN domain to shuttle between the
FAD and heme domains to transfer electrons across the protein.

The key inter-domain interactions after the IET are illustrated in
Fig. 9b and c. Note that the FMN domain has begun to swing away
from the heme A domain after the IET (see Fig. 10). All the inter-
subunit interactions between the heme A and FMN domains found in
the pre-IET state thus no longer exist (Fig. 10a). On the other hand, dur-
ing the 60 ns simulation, certain intra-subunit interactions between the
heme B and FMN domains are well maintained. Heme B residue Leu406
is always hooked with the FMN domain residues Leu662 and Leu663
through hydrogen bonds, and His404 (heme B) is in close contact
with Asp667 (FMN). Comparing with the 'Group 2' interacting residues
in the pre-IET state (heme B domain residues His404, Lys405, and
Leu406 and FMN domain residues Glu661, Leu662, GIn665, and
GIn666; see above), we conclude that the intra-subunit interface resi-
dues are crucial as they may form a pivot (see circled region in Fig. S3)
to modulate the FMN domain motions during the IET process. According
to the principle of microscopic reversibility, the reaction pathway for
the reverse reaction is the exact opposite of the pathway for the forward
reaction. Therefore, this pivot might be required to form a key

FMN domain

intermediate state on the reverse pathway when the FMN domain ap-
proaches to the heme domain from a large number of free states. The
formation of such an intermediate presumably reduces the randomness
of the FMN domain motions, and augments the electron transfer
process.

3.3. The role of CaM in the motion of the FMIN domain

In the post-IET state, the heme A-CaM interactions (Fig. 9b) are sim-
ilar to that of the pre-IET state. Backbone oxygen of heme A domain res-
idue Arg452 still forms a hydrogen bond with CaM residue Asp95. Two
pairs of salt bridges between heme A domain residues Arg83, Arg86 and
CaM residues Glu119, Asp122 are kept intact. In addition, heme A resi-
dues GIn97 and Thr95 loosely interact with CaM residues GIn135 and
Ser101, respectively, through hydrogen bonds.

On the other hand, interactions between heme B domain and CaM in
the post-IET state (Fig. 9¢) are notably different from that in the pre-IET
state. Heme B domain residues, Glu285, Asp 292 and Lys497, which do
not interact with CaM in the pre-IET state, now form salt bridges with
CaM residues Arg106, Lys115 and Asp118, respectively. In addition,
the heme B coil residue Asp274 forms a strong salt bridge with CaM res-
idue Arg37. The heme B domain linker residues Arg510 and Arg511 also
form salt bridges with CaM residues Glu120 and Glu114, respectively.
These interactions together appear to pull CaM closer to the heme B do-
main, indicated by a shorter distance between the linker residues
GIn502 and Arg511 after the [ET: the distance between two Ca atoms
of GIn502 and Arg511 changes from ~19 A before the IET to ~15 A
after the IET. This motion likely facilitates the departure of the FMN do-
main from the heme A domain after the IET.

To better illustrate the details of the conformational changes in CaM
with respect to heme B domain, the heme domains in the conformations
at 60 ns of the oxyFMN construct in the pre- and post-IET states are
superimposed in Fig. 10a. By looking into the changes in the CaM-
interacting FMN domain residues, one can conclude that the conforma-
tional changes in CaM may directly affect the motion of the FMN do-
main. After the IET the first residue of the CaM-binding helix (Leu515)
is shifted by about 2 A, while Ser535 (the end of the helix) is shifted
by about 14 A (Fig. 10b). The movement of CaM is thus accompanied
with its rotation around the CaM-binding helix Leu515-Ser535. The

Shifting of Ser™

Fig. 10. (a) The heme domains in two conformations at 60 ns of human iNOS oxyFMN-CaM in the pre- and post-IET states are superimposed to illustrate the motions of the FMN
domain (colored in yellow and pink for the pre- and post-IET states, respectively) and CaM (pre-IET: cyan; post-IET: purple). (b) CaM in the post-IET state (violet) and the pre-IET
state (cyan: N-terminal, green: C-terminal, mauve: central linker); the CaM-binding helix of NOS in the pre- and post-IET states is colored yellow and bazaar, respectively. Calcium

ions are shown in spheres and labeled.
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rotation dismisses the interaction between the CaM and heme A domain
(Fig. 9) that exist in the pre-IET state, and establishes new interactions
between heme B domain residues (Glu285, Asp292, Lys497) and CaM
residues (Arg106, Lys115, Asp118). This leads to the new interactions
between C-lobe of CaM and N-terminal of the heme B domain after
the IET (Fig. 9b). These CaM residues, along with the aforementioned
intra-subunit pivot (FMN domain residues Glu661-Glu666 and heme
B residues His404-Leu406; Fig. S3), may restrain the overall conforma-
tional freedom of the FMN domain in the post-IET state.

The positions of two bound Ca?™ ions (labeled as 201 and 202 in
Fig. 10) move by ~15 and ~12 A, respectively, between the pre- and
post-IET states. The other two Ca®™ ions (203, 204), which locate near
the CaM/heme B domain interface, only move by about 5 A and 2 A, re-
spectively. This indicates that the N-terminal of the CaM protein has a
larger conformational movement during the FMN-heme IET than the
C-terminal. This is expected since the CaM C-terminal interacts with
the NOS heme B domain, resulting in less motion freedom.

3.4. Steered molecular dynamics simulation

The oxyFMN-CaM conformations in the post-IET state are
constrained with Fe-:N5 distance shorter than 31 A in the 60 ns MD
simulations (Fig. 4). It is interesting to investigate whether there is a
bottleneck preventing the FMN domain from being totally free of bind-
ing to heme domain. We thus carried out a constant speed steered mo-
lecular dynamics (SMD) simulation to further separate the FMN and
heme domains. Briefly, to pull the FMN domain away from the heme do-
main, a force was applied on the FMN domain in the direction from the
heme A domain Fe to the FMN domain center. The pulling speed is set as
5 A/ns, with a spring constant of 5.0 kcal/mol- A2, The Fe--N5 (FMN) dis-
tance was pulled from ~22 A to ~48 A during the SMD simulation
(Fig. 11). Analysis of the SMD data indicated how inter-domain interac-
tions between the heme and FMN domains are gradually lost when
these two domains are separated further.

Fig. 11 shows a plot of force versus the Fe---N5 (FMN) distance in the
SMD process. There are two force peaks before 35 A. The first peak at
~24 A'is related to the interdomain FMN/heme interactions when the
FMN domain is docked on the heme domain. The key interactions are
similar to the MD simulation above. Specifically this includes the afore-
mentioned inter-subunit interactions of the FMN domain with the
heme domain, and intra-subunit interactions in the pivot region.
When the FMN domain is pulled away from the heme center to the sec-
ond peak at ~27 A, the inter-subunit interactions disappear, while the
pivot remains intact. The pulling force also causes the FMN domain to
swing around the pivot, instead of translating away from the heme do-
main, where the inter-domain interactions located afar from the pivot
are disrupted first. When pulled further apart, the pivot structure is
disrupted and eventually broken when the Fe--:Ns (FMN) distance
reaches beyond 35 A.

Our SMD results thus indicated the existence of a pivot region that
correlates with the bottleneck. This prevents the FMN domain from be-
coming completely free of binding to the heme domains. To validate the
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Fig. 11. Force profile from the SMD simulation when the FMN domain is further pulled
away from heme A domain.

finding, we carried out a MD simulation on a conformation with the
Fe--N5 (FMN) distance at around 35 A. As one can see from Fig. 4, the
Fe-Ns (FMN) distance quickly reaches 40 A after 3 ns, where the FMN
domain is free and the pivot no longer exists. This indicates that once
it passes or comes very close to the bottleneck, the FMN domain can
readily move toward completely free of binding to the heme domains.

Recent FMN fluorescence lifetime studies on iNOS [19], nNOS [18]
and eNOS [56] proteins revealed a series of NOS conformations. Their re-
sults indicated that enablement of the conformational cycle by CaM
binding is an important paradigm for control in nNOS [18]. We have
shown that NOS exists in an equilibrium of open and docked conforma-
tions with a continuum of free (undocked) conformations [21]. Interest-
ingly, cryo-EM studies of the three NOS isoforms [23-26] confirmed the
shuttling motion of the FMN domain, and found a range of con-
formations enabled by the flexible tethers. These conformations
reveal that CaM activates NOS by binding to the CaM-binding
linker (which constrains rotational motions of the reductase domain
relative to the heme domain [24]) and by directly binding to the heme
domain [23]. In line with the cryo-EM studies, a pulsed EPR study
confirmed that CaM binding induces a shift in the conformational
equilibrium to drive electron transfer across the NOS domains
(NADPH — FAD — FMN — heme) [22]. Our MD simulation results are
in line with these experimental findings. Moreover, the interactions of
the residues identified in our work, especially those of the pivot, are pro-
posed to allow the FMN domain to recognize the output state out of a
multi-dimensional conformational space. Specifically, when in the out-
put state, the FMN can move toward the heme domain with an appro-
priate degree of freedom, and eventually dock at proper positions,
resulting in efficient IET and NO production.

There is strong experimental evidence that in addition to the long
range shuttling motion between the FAD and heme domains, the FMN
domain at the heme domain undergoes short-range sampling motions
to productively dock onto the heme domain [55,57]. This short-range
search for the optimal docking position is referred to as conformational
sampling and is in part guided by complementary charged residues on
the domain-domain FMN-heme interface [37,55]. These conformation-
al changes enable efficient FMN-heme IET in the output state. Our com-
putational simulation results support the conformational sampling
model, in which sampling of a continuum of conformational states
gives a range of transient donor-acceptor complexes, only a subset of
which are IET-competent [16,18,58]. This presents an important mech-
anism for regulation in NOS enzyme, which avoids the necessity for
tight binding of the FMN domain to achieve efficient IET.

This study used a bi-domain oxyFMN construct that consists of the
oxygenase and FMN domains along with the CaM-binding linker. This
construct was originally designed to favor observation of the NOS out-
put state by precluding FAD/FMN interactions and favoring interactions
between the FMN-binding domain and the oxygenase domain [31]. Bio-
chemical and kinetic studies have demonstrated that it is a valid model
of the NOS output state [4,5]. One can argue that the results obtained
from the bi-domain oxyFMN system may not be fully applicable to
holo-NOS. However, utilization of a similar bi-domain construct of
P450 BM3 yielded results that were helpful in understanding the full-
length enzyme mechanism [59,60]. Since the interdomain FMN/heme
contacts are specific [61], the docked IET complex structure should be
similar in the oxyFMN and full-length NOS. Indeed, the output state
complex models [43] were fit without any alteration into the EM densi-
ty of full-length iNOS protein [23]. The results for the docking complex
structure obtained for the oxyFMN construct should therefore be gener-
ally applicable to the full-length NOS.

The FMN domain shuttling mechanism (Fig. 1) also operates in the
ancestral electron transfer systems (e.g., flavodoxin/flavodoxin reduc-
tase), while the novel aspect of the NOS enzyme is the involvement of
CaM. The CaM-binding linker in iNOS binds CaM at a basal level of
Ca*, while in nNOS and eNOS the CaM binding requires an increase
in intracellular [Ca®*] [1,62]. CaM activates NO synthesis through two
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mechanisms. The first mechanism is unique to eNOS and nNOS, where
the CaM binding releases the FMN domain from its interaction with
the FAD/NADPH domain, allowing the FMN domain to transfer electrons
to acceptors such as cytochrome c. This is a necessary but not a sufficient
condition for NO production by eNOS/nNOS, which requires additional
CaM-dependent promotion of the heme/FMN domain interactions
(this second function of CaM is involved in formation of the output
state of all the three NOS isoforms [5]). The docked FMN/heme state
structures of the three NOS isoforms should be similar because the
charged surface residues at the docking FMN/heme interface are highly
conserved among the isoforms [37,38,53,55]. On the other hand, the
conformational distributions in the CaM-bound NOS isoforms differ dis-
tinctly, with eNOS having the least docked state percentile, and iNOS
having the highest docked state population, as suggested by the recent
cryo-EM data showing more blurred images of nNOS and eNOS [23]. The
main difference between eNOS/nNOS and iNOS is in CaM-responsive
control elements, including an autoregulatory (AR) insert within the
FMN domain of eNOS/nNOS [63], which does not exist in iNOS, and a
C-terminal tail (CT), which differs in length among the three isoforms
[64]. Mounting evidence shows that the AR insert exerts its regulatory
function not only by competing with CaM binding [62], but also by sta-
bilizing certain NOS states. In the absence of CaM, the AR insert and CT
lock the FMN domain to its reductase complex [65]. When CaM binds
athigh [Ca?*], the insert is displaced so that the FMN domain is released
and is able to shuttle electrons between the FAD and heme domains.
Furthermore, recent studies by Masters [66] and us [11,67] show that
the AR insert is also involved in stabilizing the docked FMN/heme
state. Despite a wealth of available kinetics data, the underlying struc-
tural mechanism by which the AR insert and CT are involved in interac-
tions between the FMN and heme domains remains elusive. It is thus
interesting to conduct comparative computational and experimental
studies of the oxyFMN constructs and holoenzymes of the three NOS
isoforms, in order to better understand the molecular underpinning of
CaM control of the electron transfer and NO production.

4. Conclusions

Emerging evidence showed that the CaM-controlled docking be-
tween the NOS FMN and heme domains is highly dynamic, but the
underlying molecular mechanism is unclear. In this work, we
have conducted molecular dynamics simulations on a human iNOS
oxyFMN-CaM construct in both the [Fe(IlI)][FMNH™] and the
[Fe(II)][FMNH’] oxidation states. To the best of our knowledge, we pro-
vided the first computational evidence supporting the departure of FMN
domain from heme center after the IET. In other words, the conforma-
tional change required for efficient IET is redox-dependent. Interesting-
ly, redox-dependent domain movements have been demonstrated in
the catalytic cycle of homologous P450 reductase [68], in which the
tethered shuttle model also operates in the ancestral electron transfer
system.

The computational results revealed a plausible mechanism of the
FMN domain motions, as well as the mechanism by which CaM regu-
lates the docking of the FMN domain to the heme active site. Our simu-
lations identified specific residues on the heme, FMN and CaM domains
important in optimal docking of the FMN domain to the heme domain.
The predictions of the key interacting sites are well supported by exper-
imental data in the literature. These dynamic interactions ensure that
the FMN domain moves with appropriate degrees of freedom and
docks to proper positions at the ends, resulting in efficient IET and NO
production. The control of FMN domain motion by these specific inter-
actions is important for NOS function since it facilitates directional elec-
tron transfer across the protein by appropriately modifying the
conformational space available for the NOS protein. This work should
inspire and guide future experiments to determine new specific sites in-
volved in the electron transfer in NOS.

Abbreviations

NO nitric oxide

NOS nitric oxide synthase
CaM calmodulin

eNOS endothelial NOS
nNOS neuronal NOS

iNOS inducible NOS

NOSoxy oxygenase domain of NOS
oxyFMN bi-domain NOS construct in which only the oxygenase and
FMN domains along with the CaM-binding region are present

FMNH" FMN semiquinone

FMNq  FMN hydroquinone

H4B (6R)-5,6,7,8-tetrahydrobiopterin
IET interdomain electron transfer
MD molecular dynamics

rmsd root-mean-square deviations
EM electron microscopy

SMD steered molecular dynamics
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